Abstract On the cross-roads of main carbon and nitrogen metabolic pathways, glutamate dehydrogenase (GDH, E.C. 1.4.1.2) carries out the reaction of reductive amination of 2-oxoglutarate to glutamate (the anabolic activity; NAD(P)H-GDH), and the reverse reaction of oxidative deamination of glutamic acid (the catabolic activity; NAD(P)
full-grown plant. Glutamate dehydrogenase (GDH; E.C. 1.4.1.2) is an enzyme that links both of those metabolic pools within a cell, as it can carry out the reaction of reductive amination of 2-oxoglutarate to glutamate (the anabolic activity; NADH-GDH), and the reverse reaction of oxidative deamination of glutamic acid (the catabolic activity; NAD ? -GDH). Changes in the NADH-GDH to NAD ? -GDH ratio are often used in studies of plant metabolism to assign a function to the enzyme Roubelakis-Angelakis 1991, 1992) . The native GDH proteins consist of two subunit types: a (molecular mass of 42.5 kDa) and b (molecular mass of 43.0 kDa) which, combined in different ratios into a hexamer, form varying GDH isoenzymes. If majority of the subunits building one hexamer is of the a-type, the enzyme molecule catalyzes the 2-oxoglutarate amination reaction; and reversely, domination of the b-type subunits makes the enzyme carry out the glutamate deamination (Loulakakis and Roubelakis-Angelakis 1996; Purnell et al. 2005; Turano et al. 1997) . Recently, there have been many molecular and genetic analyses aimed at the elucidation of physiological function and the regulatory mechanisms of GDH. Transgenic studies and quantitative genetic approach suggest that the reaction catalyzed by GDH is important in the control of plant growth and productivity (Dubois et al. 2003) . So far, GDH genes have been obtained and sequenced in eight plant species. Phylogenetic analyses demonstrated that plant GDH is encoded by a small gene family represented by three genes that have been hitherto described, each coding for distinct GDH subunits (Lehman and Ratajczak 2008) . There are two genes conferring the synthesis of both types of GDH subunits in Arabidopsis, vine and tobacco plants (Loulakakis and RoubelakisAngelakis 1996; Purnell et al. 1997; Restivo 2004; Sakakibara et al. 1995; Turano et al. 1997) . Only one gene coding for the GDH has been cloned from tomato, while the existence of two subunit types has been explained by its posttranscriptional modifications (Purnell et al. 1997) . Among the monocotyledonous plants, up to now the GDHencoding genes have been cloned from rice and maize (Qiu et al. 2009; Sakakibara et al. 1995) ; however, there have been no full-length GDH-encoding sequences available for other important cereals, such as wheat, barley, rye or triticale. To increase the knowledge on the GDH genes in monocotyledonous plants, we described not only the enzyme's nucleotide sequence, but also its expression level in different tissues and organs (scutellum, endosperm, roots, etc.) both during germination and post-germinative growth of the triticale plant. For this purpose, we have isolated a gene of x Triticosecale (TsGDH1, Gene Bank Accession Number: HQ658905). Thus, obtained sequence may be of use when cloning gene(s) from related species, i.e. wheat or rye.
Despite numerous investigations carried out with sophisticated techniques and methods, both the direction of the reaction catalyzed in vivo by GDH, and the physiological functions of its multiple isoforms in plants remain to be fully clarified. It is possible that the very existence of many enzyme isoforms specific for various tissues and different developmental stages make the data interpretation difficult. It can thus be presupposed that one can satisfactorily explain the metabolic role of this enzyme in plants only after having analyzed the genetic and molecular data from all ontogenetic stages of many plants (Dubois et al. 2003; Masclaux-Daubresse et al. 2006; Purnell and Botella 2007; Skopelitis et al. 2007) .
As yet, no such complex analyses have been carried out with regard to GDH in cereals, including triticale. For that reason, the authors aimed at identifying the triticale GDH gene and determining its expression profile during seed germination. In addition, the GDH activity dynamics and distribution at this developmental stage have been studied. The results obtained prompted us to partially purify the GDH isolated from the scutellum of the germinating seeds and characterize it biochemically.
Materials and methods

Plant material and growth conditions
Dry and germinating seeds of triticale x Triticosecale Wittm. cv. Witon were used for the analyses. The seeds, surface-sterilized with 5% hypochlorite, were germinated in darkness at 22°C and 100% relative humidity. Samples were taken after 8, 16, 24, 48, and 72 h of germination. The samples were immediately frozen in liquid nitrogen and stored at -80°C until use.
Cloning procedures
Total RNA was extracted from scutellum and endosperms of seeds imbibed for 8, 16, 24 h and from scutellum, endosperm, shoots and roots coming from the seeds imbibed for 48 and 72 h. RNA was isolated using a standard guanidinium thiocyanate/acidic phenol extraction method (Chomczynski and Sacchi 1987) . RNA concentration and purity were determined spectrophotometrically by absorption at 260, 230 and 280 nm. The integrity of isolated RNA was analyzed on 1.5% (w/v) agarose/formaldehyde gel. Aliquots of RNA were treated with 2 U per 1 lg RNA of RNase-free DNase I (Fermentas) to remove template DNA. First-strand cDNAs were produced with 1 lg of total RNA (72 h roots) primed with an oligo(dT) 12-18 primer, with avian myeloblastosis virus reverse transcriptase (AMV RT) following the manufacturer's protocol (Promega). The full-length cDNA was obtained using GeneRacer Kit (Invitrogen). The RACE-ready first-strand cDNA used as a template for 5 0 RACE and 3 0 RACE was prepared from total RNA isolated from 72 h roots with the random primers or GeneRacer OligodT Primer, respectively, according to the manufacturer's instructions. First-strand synthesis was performed with SuperScript III Reverse Transcriptase (Invitrogen), according to the manufacturer's instructions. The gene-specific primers used for RACE were designed from the above partial TsGDH cDNA sequence. The primer rGDH-R1 (5 0 CAACGCACAGACAA TGGCATGGATA 3 0 ) was used for 5 0 RACE, and rGDH-F1 (5 0 CAACGCACAGACAATGGCATGGATA 3 0 ) was used for 3 0 RACE. PCR reactions were performed under the following conditions: 2 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 58°C, 1 min at 68°C, and a final 10 min at 68°C. PCR was performed using a 50 ll reaction mixture that contained 1 ll cDNA, 0.2 mM each of dNTP, 500 nM of each primer, 19 high fidelity PCR buffer, 5 mM MgCl 2 and 2.5 U of Platinum Ò Taq DNA Polymerase (Invitrogen). The resulting amplified fragment was cloned to TOPO TA Cloning Kit (Invitrogen) and sequenced. Sequencing was performed with the ABI Prism BigDye Terminator Cycle Sequencing Kit on the ABI Prism 3730 DNA analyzer (Applied Biosystems). Trace files were checked and edited using Chromas 1.55 (Technelysium, USA). Sequences were verified by database searching at the National Center for Biotechnology Information server using BLAST algorithm (http://www.ncbi.nlm.nih.gov). Sequence date from this article has been deposited at GenBank. The deduction of the amino acid sequence, calculation of the theoretical molecular mass and pI was performed with ExPASy (http://www.expasy.ch/tools/). Multiple alignments of GDH amino acids sequences and a phylogenetic neighbor-joining tree were generated by the program CLUSTAL W (Thompson et al. 1994) .
Expression analysis by semi-quantitative RT-PCR
Total RNA samples were used from scutellum and endosperms of seeds imbibed for 8, 16, 24 h and from scutellum, endosperm, shoots and roots of seeds imbibed for 48 and 72 h were used. Semi-quantitative RT-PCR analysis was performed using One-Step RT-PCR Kit (Novagen) according to the manufacturer's instructions. Optimal numbers of PCR cycles within the linear range of amplifications were determined for primer pair. Aliquots of total RNA (100 ng) were used as templates in One-Step RT-PCR with the forward primer eGDH-F 5 0 TATGT TGGGTTTAGGGTGCAGC 3 0 and reverse eGDH-R 5 0 GCAGCCCAGGAGCCAACATTAC 3 0 (product length 515 bp). The RT-PCR reaction for the plant 18S rRNA genes using specific primers rRNA-F 5 0 CCAGGTCCAGA CATAGTAAG 3 0 and rRNA-R 5 0 GTACAAAGGGCAGG GACGTA 3 0 (product length 427 bp) was also performed as a control. RT-PCR reactions were carried out under the following conditions: 30 min at 50°C, 2 min 94°C, 32 (for TsGDH) or 10 cycles (for rRNA) of 30 s at 94°C, 45 s at 60°C and final extension step for 5 min at 68°C. Densitometry was conducted with the program ImageJ version 1.44 (http://www.rsb.info.nih.gov/ij).
Enzyme activity and protein analysis TsGDH1 were extracted from scutellum and endosperms of seeds imbibed for 8, 16, 24 h and from scutellum, endosperm, shoots and roots of seeds imbibed for 48 and 72 h. Procedure of the enzyme isolation from the triticale seedlings was described earlier (Kwinta et al. 2001) . GDH activity was determined in both the aminating and the deaminating directions by following the absorption change at 340 nm (Barash et al. 1973) . Specific activity of GDH was expressed as the reduction or oxidation of 1.0 lmol coenzyme (NAD ? or NADH respectively) per mg protein per minute at 30°C. Protein concentration was determined colorimetrically according to the Bradford method (1976) using bovine serum albumin as a standard.
Native polyacrylamide gel electrophoresis (PAGE) of GDH extracts was performed by modified Laemmli method (1970) on 7.5% resolving and 4% stacking gel. Bands with GDH activity were visualized on the gel using the tetrazolium system (Lehman et al. 1990 ). The GDH protein was isolated and purified from the scutellum of the seeds subjected to 48 h of germination. The procedure published elsewhere (Kwinta et al. 2001 ) has been employed, with one modification: after salt-based precipitation, the samples have been separated by means of HPLC in the Waters Multisolvent Delivery System apparatus. The protein has been partially purified in four steps, including heating the protein suspension at 50°C, ammonium sulfate-derived precipitation (the enzyme was recovered from the fraction between 30 and 60% of the sample saturation) and ionexchange chromatography (anionite) on the 15HR DEAE (1 9 10 cm) column (Waters). The whole purification procedure, with exception of the heat (50°C) precipitation of the thermolabile proteins, has been carried out at 4°C. After each purification step, the NAD(P)H-GDH activity and protein concentration have been determined. The enzyme activity and protein concentration have been determined at each purification stage. GDH activity has been expressed as total activity (IU, i.e. lmol of oxidized/ reduced co-enzyme per minute) or specific activity (IU per mg of protein).
The kinetic constant values (K m ) for each substrate were calculated using the method of Lineweaver and Burk (1934) . The substrate concentrations used were in the range from 1.5 to 30 mM for 2-oxoglutarate, NH 4 Cl and L-glutamate and also from 0.003 to 0.125 mM for coenzymes NAD ? , NADH, NADPH.
Statistical analysis
For the measurement of enzyme activities and kinetic constant values, the results are presented as mean ± SD (standard deviation) for three independent experiments, each with two replications. Standard deviation was up to 7% of the corresponding mean value in all cases. The statistical significance of differences was determined by Student's test at P \ 0.05 (MS Excel).
Results and discussion
Cloning and characterization of the TsGDH1 cDNA clones
Based on the RT-PCR strategy TsGDH1 gene was isolated and designated as x Triticosecale glutamate dehydrogenase 1 (Gene Bank Accession Number: HQ658905). First, two pairs of the degenerate primers were designed based on the conserved region of the four known sequences of the plant glutamate dehydrogenases. The primers were subsequently used to amplify a 429 and 702 bp products, respectively. Two additional primers were designed based on the confirmed sequences and used for the isolation of the 5 0 -and 3 0 -ends of the EST. The full-length of the TsGDH1 is 1,620 bp long and contains a 1,236 bp long open reading frame (ORF), a 5 0 untranslated region (5 0 -UTR) of 125 bp and 3 0 UTR of 259 bp (Fig. 1) . The ORF of the TsGDH1 encodes a protein of 411 amino acids with a calculated molecular mass of 44.2 kDa and an isoelectric point of 6.19.
Overall sequence alignment analysis revealed that the TsGDH1 is highly homologous to GDHs from other plants, both at the nucleotide and the deduced amino acid levels. The protein coded by the TsGDH1 showed greatest similarity (as estimated with the Blastp program) to the glutamate dehydrogenase family proteins of: Oryza sativa (BAE48296, 96% similarity within a 411 amino acid overlap, max score 826), Zea mays (AAB51595, 94% similarity within a 411 amino acid overlap, max score 805), Asparagus officinalis (CAA09478, 89% similarity within a 411 amino acid overlap, max score 775), Solanum lycopersicum (AAL36888, 86% similarity within a 411 amino acid overlap, max score 748), Arabidopsis thaliana (NP_187041, 84% similarity within a 411 amino acid overlap, max score 741) (Fig. 2) .
Several reports have demonstrated that the plant GDHs are encoded by at least two genes, each coding for an a-or Fig. 1 Nucleotide and putative amino acid sequences of TsGDH1. The start codon (ATG) was bolded and stop codon (TGA) was bolded, italicized underlined. The NAD(P) binding domain of glutamate dehydrogenase was underlined b-subunit, respectively, randomly associating to give rise to the various hexameric isoenzymes (Loulakakis and Roubelakis-Angelakis 1991; Melo-Oliveira et al. 1996; Miyashita and Good 2008; Purnell et al. 2005) . To investigate what subunit type the cloned TsGDH1 gene is coding for, and to reveal the evolutionary relationship between the TsGDH1 and GDHs from other plants, a phylogenetic tree was constructed based on the deduced amino acids sequences of the GDH genes. The following sequences have been used: monocots GDH are represented by Oryza sativa (AAQ01156-b subunit), Zea mays (BAA08445-b subunit), Asparagus officinalis (CAA09478-b subunit), while the dicots GDH are represented by Arabidopsis thaliana (NP_197318-b subunit and AAB01222-a subunit), Vitis vinifera (CAA605007-a subunit), Nicotiana plumbaginifolia (CAA69601-b subunit and CAA69600-a subunit). The phylogenetic tree analysis clearly distinguishes two groups of sequences encoding either the a-or b-subunit of the GDH holoenzyme (Fig. 3) . The tree comprised of two major branches, each of them containing monocotyledonous and dicotyledonous plant-derived sequences. This suggests that the sequences grouped according to the nature of the subunit encoded (a-or b), rather than according to the species of origin. In addition, the phylogenetic analyses demonstrated that the TsGDH1 of x Triticosecale belongs to the branch occupied by another monocotyledonous species, but most importantly, it has been placed among the sequences encoding the b-type subunit of plant GDH.
Activity distribution and the TsGDH1 expression pattern in the germinating seeds During seed germination, the storage protein degradation to oligopeptydes and free amino acids takes place (Glevarec et al. 2004) . The glutamic acid freed in such a manner may Identical, conserved and semiconserved residues in all aligned sequences are indicated by asterisks (*), colons (:), and dots (.), respectively serve as a substrate to the catabolic GDH activity. Thus, to elucidate the biological functions of the purified TsGDH1, the studies have been undertaken aiming at the analyses of the TsGDH1 expression changes and the dynamics of the activity changes within the germinating seeds of triticale. In addition, an in-depth kinetic characterization of the enzyme isolated for the scutellum germinated for 48 h was carried out.
The expression of x Triticosecale glutamate dehydrogenase 1 (TsGDH1) gene was investigated using semiquantitative RT-PCR analysis. Total RNA extracted from the scutellum and the endosperms of seeds imbibed for 8, 16, 24 h and scutellum, endosperm, shoots and roots of seeds imbibed for 48 and 72 h were used to investigate the developmental expression profile of the TsGDH1 (Fig. 4) . TsGDH1 mRNA was detected in all tissues examined, with the highest level (100% relative density) in scutellum of seeds imbibed for 16 h. The level of TsGDH1 was also high in scutellum of seeds imbibed for 8 and 24 h and roots after 48 and 72 h germination. Lower transcript level was detected in the scutellum of dry seeds, endosperms of seeds imbibed for 8, 16 and 24 h; scutellum of the seeds imbibed for 48, 72 h, and shoots of seeds imbibed for 48 and 72 h. In endosperm of dry seeds and endosperm of seeds imbibed for 48 and 72 h, the TsGDH1 transcript level was the lowest. Glevarec et al. (2004) investigated the GDH expression in the embryos and cotyledons of the germinating Medicago truncatula seeds. The GDH gene was essentially expressed in the embryo axis where its transcripts remained at a relatively low and constant level up to 21 h after imbibition, before a massive increase during the post-germination growth phase. The highest expression level was recorded in the embryo axis of these seeds subjected to 48 h of germination.
In parallel to the gene expression analyses, the enzymatic activity of TsGDH1 was measured at the same germination stages: the NADH-dependent activity (or the reductive amination of the 2-oxoglutarate), as well as the NAD ? -dependent activity (the oxidative deamination of the glutamic acid; Table 1 ) have been investigated. In the endosperm of dried seeds, the enzyme showed the same activity in both directions. At the early stages of the seed germination, i.e. at 8, 16 and 24 h of imbibition, the deaminating GDH activity in the endosperm was predominant, and it was 1.4-, 2.3-and 1.6-fold higher, respectively, than the aminating activity. A shift in the TsGDH1 activity in the seed endosperm was observed after 48 h of germination: the activity towards glutamate synthesis exceeded 1.3 times activity in the opposite direction (Table 1) . These results seem to indicate an involvement of the TsGDH1 in glutamate oxidation at the early stages of seed germination, related to storage protein degradation. Similar results, suggesting GDH involvement in glutamate oxidation during seed germination, were obtained in Phaseolus vulgaris L. (Leon et al. 1990 ) and Medicago trucatula L. (Glevarec et al. 2004) and Lupinus luteus L. (Lehman and Ratajczak 2008) . The aligned amino acid sequences were deduced from sequences of GDH derived from genes of the following species: Oryza sativa (AAQ01156), Zea mays (BAA08445), Asparagus officinalis (CAA09478), Arabidopsis thaliana (NP_197318 and AAB01222), Vitis vinifera (CAA605007), Nicotiana plumbaginifolia (CAA69601 and CAA69600) Fig. 4 Expression of TsGDH1 in different compartments of seeds and during different germination stages imbibed for 8, 16, 24, 48 and 72 h. E-0 endosperm of dry seeds, S-0 scutellum of dry seeds, E-8 endosperm of seeds imbibed for 8 h, S-8 scutellum of seeds imbibed for 8 h, E-16 endosperm of seeds imbibed for 16 h, S-16 scutellum of seeds imbibed for 16 h, E-24 endosperm of seeds imbibed for 24 h, S-24 scutellum of seeds imbibed for 24 h, E-48 endosperm of seeds imbibed for 48 h, S-48 scutellum of seeds imbibed for 24 h, R-48 roots of seeds imbibed for 48 h, Sh-48 shoots of seeds imbibed for 48 h, E-72 endosperm of seeds imbibed for 72 h, S-72 scutellum of seeds imbibed for 72 h, R-72 roots of seeds imbibed for 72 h, Sh-72 shoots of seeds imbibed for 72 h. Quantitative one-step RT-PCR analyses were performed with 100 ng of total RNA. Amplification of the 18S rRNA gene was used to ensure that equal amounts of template were added to each RT-PCR. Each figure is representative of one of at least three independent experiments that gave similar results. The relative intensity expression of TsGDH1 was quantified by NIH Image Software (Version 1.44) In contrast to the endosperm, in scutellum of the germinating triticale seeds, a gradual increase in the aminating TsGDH1 activity was recorded. The highest NADH-GDH activity level was reached after 48 h of germination. A very high NADH-GDH activity was measured in roots of seedlings germinating for 48 and 72 h and it was approx. seven fold higher at 48 h than at 72 h of germination. High aminating activity, several-fold higher than deaminating activity, in rapidly growing seedling organs may suggest that TsGDH1 is indeed involved in the reactions leading to glutamic acid synthesis meeting the demands of these organs.
In shoots of seedlings grown for 48 or 72 h, the activity towards glutamate production prevailed as well; however, it was significantly lower than in seedling roots. The shifts in aminating versus deaminating TsGDH1 activity in scutellum, roots and shoots as opposed to endosperm, where the storage compounds prevail, seem to support the hypothesis that the enzyme carries out various functions, depending on its tissue localization and plant developmental stage. It is possible that the enzyme active in the endosperm provides ammonium ion and 2-oxoglutarate, consumed by GDH in scutellum.
Second line of evidence on the dynamics of the TsGDH1 activity changes during the seedling development, in line with the results of the enzymic activity studies, was obtained by means of the gel electrophoretic separation of the isolated protein samples, stained for the GDH activity (Fig. 5) . Based on the obtained zymograms, we postulate the existence in all investigated seed parts and at all analyzed germination stages of just one enzyme isoform, characterized by low electrophoretic mobility. Moreover, the intensity of the electrophoretic bands staining indicates the highest TsGDH1 activity in scutellum and roots of the seedling after 48 h germination and in the roots of the seedlings after 72 h of germination.
Based on the research carried out over a dozen years, it has been concluded that higher plants synthesize hexameric native proteins of glutamate dehydrogenase, comprising two types of subunits encoded by two distinct genes (Fontaine et al. 2006; Loulakakis and Roubelakis-Angelakis 1991; Purnell et al. 2005; Turano et al. 1997) . In contrast to the results obtained for other plant species, we were able to isolate only a single triticale GDH gene. The existence of only one GDH gene, probably encoding a b-type subunit, corroborates the observation of just one enzyme isoform in triticale. Gene expression studies confirmed changes in GDH activity dynamics and distribution in triticale seeds. Earlier studies analyzing this enzyme in triticale seedlings also indicated the presence of just one isoform, catalyzing a reversible reaction (Kwinta et al. 2001) .
The GDH activity determined here in vitro indicates, that both in the endosperm and scutellum of the seeds Table 1 Distribution of the TsGDH1 activity in the germinating triticale seeds The enzyme activity was expressed as (lmol of oxidized/reduced co-enzyme/min/mg of protein) germinated for 48 h, a change in direction of the reaction catalyzed by the enzyme takes place. For that reason, a partial purification and characterization of the GDH isolated from the seed scutellum at this stage of germination have been attempted. Since our earlier research indicated that triticale GDH also accepted NADPH as co-enzyme (Kwinta et al. 2001) , at all purification stages both NADH-GDH and NADPH-GDH were determined. The employed procedure resulted in obtaining an enzyme concentrate with high specific activity (51.56 lmol of oxidized NADH/ min/mg of protein or 8.20 lmol of oxidized NADPH/ min/mg of protein), and a purification factor of approx. 230 (Table 2) .
The purified TsGDH1 has been characterized with regards to its substrate specificity and affinity towards substrates and co-enzymes. To determine the substrate specificity, the GDH activity was measured in presence of its proper substrates (i.e. 2-oxoglutarate or L-glutamic acid), and their analogs (oxaloacetate, L-aspartic acid, and L-glutamine). The enzyme exhibited absolute specificity towards the 2-oxoglutarate as a substrate for the reductive amination reaction, in the presence of the reduced forms of co-enzymes (NAD(P)H). The enzyme showed also an absolute specificity to L-glutamate in reverse reaction, taking place in the presence of oxidized forms of the (NAD(P)
? ) co-enzymes. Similar property of GDH is described in microorganisms (Consalvi et al. 1991) in triticale roots seedlings (Kwinta et al. 2001 ) and in soya been seedlings (Turano et al. 1996) .
Substrate and co-enzyme affinity A preliminary experiment indicated that GDH activities in presence of NADP ? were below the assay accuracy. Hence, only NADPH and NAD(H) were used as coenzymes for this investigation of GDH from triticale (Table 3 ). The enzyme shows comparable affinity both to the reduced and oxidized form of the co-enzyme, which might point to a certain flexibility of the enzyme when it comes to the direction of the reaction if catalyzed. Moreover, the K m value for L-glutamate indicates stronger binding of this substrate by GDH, compared with 2-oxoglutarate.
The enzyme isolated from the scutellum of triticale seeds imbibed for 48 h exhibited high affinity towards substrates and co-enzymes. The investigated enzyme was characterized by low K m values for each of the coenzymes. Similar properties of the GDH were noted by Hudson and Daniel (1993) in their studies on GDH reaction kinetics. Like it was the case for other plants (Kwinta et al. 2001; Turano et al. 1996 ) the affinity of the enzyme originating from the germinating seed was higher towards the NADH than the NADPH. A noteworthy feature of the scutellum-isoform of GDH is its high affinity towards ammonium ion (the K m value is 1.2 9 10 -4 M in the presence of NADH, and as much as 4.8 9 10
-5 M in the presence of NADPH). Similar kinetic properties were reported for NADP(H)-GDH (gdhA) of Aspergillus niger (Abiko et al. 2010) . At the same time, in addition to its high affinity to ammonium ion, the scutellum GDH has high affinity to L-glutamic acid as well. It may indicate that during germination, in the triticale seed scutellum, intensive parallel processes of L-glutamic acid catabolism and NH 4
? -ion assimilation take place. This raises the question for the role GDH plays in triticale seedlings. Our results on the GDH activity in the endosperm of the germinating seeds are in line with the published results (Robinson et al. 1992; Hodges 2002) and constitute an argument for the catabolic function of the enzyme. It is harder to explain the aminating activity of the enzyme recorded in the scutellum of these seeds. Protein degradation, occurring at the early stages of seed germination, leads to a local increase in ammonia concentration, which due to its high toxicity must be neutralized by incorporation into nontoxic metabolites (L-glutamate and L-aspartate being the primary routes for its incorporation in all organisms). Based on the assays with labeled 15 NH 4 ? , some authors conclude, however, that despite the aminating activity of the enzyme exceeding the deaminating activity in vitro, the GDH was not carrying out the ammonia ion assimilation in vivo (Glevarec et al. 2004) . This inconsistence between the in vitro and in vivo activity measurements may suggest an in vivo GDH activity regulation by means of post-translational modifications not existing (or not functioning) in vitro. The GDH activity level and presence (in the endosperm) of an isoform characterized by low electrophoretic mobility the Fig. 5 Electrophoretic image of GDH activity distribution in dry and germinating triticale seeds. E-0 endosperm of dry seeds, S-0 scutellum of dry seeds, E-8 endosperm of seeds imbibed for 8 h, S-8 scutellum of seeds imbibed for 8 h, E-16 endosperm of seeds imbibed for 16 h, S-16 scutellum of seeds imbibed for 16 h, E-24 endosperm of seeds imbibed for 24 h, S-24 scutellum of seeds imbibed for 24 h, E-48 endosperm of seeds imbibed for 48 h, S-48 scutellum of seeds imbibed for 24 h, R-48 roots of seeds imbibed for 48 h, Sh-48 shoots of seeds imbibed for 48 h, E-72 endosperm of seeds imbibed for 72 h, S-72 scutellum of seeds imbibed for 72 h, R-72 roots of seeds imbibed for 72 h, Sh-72 shoots of seeds imbibed for 72 h, R-72 roots of seeds imbibed for 72 h. 30 lg of soluble proteins extracted from the seeds tissues was added per lane. The zymogram is of similar results obtained in three independent experiments so-called cathode form usually assigned with a catabolic activity (Miyashita and Good 2008; Purnell et al. 2005) , may indicate that the enzyme catalyzes the reaction of oxidative deamination of the L-glutamate freed from the proteins during germination. On the other hand, the GDH is as an enzyme known for its adaptive capabilities and may carry out the anabolic reaction also under low ammonia concentration (Labboun et al. 2009; Lehman and Ratajczak 2008; Masclaux-Daubresse et al. 2002) .
In summary, it can be concluded that in young triticale seedlings, there is only one isoform of the glutamate dehydrogenase, probably encoded by a single gene. It is an enzymatically active protein of low electrophoretic mobility (so-called cathode form) exhibiting a catabolic activity, which was supported by the kinetic analyses. In vitro, TsGDH1 depending on its tissue origin, acts either towards L-glutamate oxidation (in the endosperm), or L-glutamate synthesis (in the scutellum, roots, and shoots). It can be thus postulated that during the triticale seed germination the glutamate dehydrogenase may be responsible for maintaining the balance between the L-glutamate synthesis and break-up, and by that function-regulate the C/N ratio. 11.1 ± 0.8 1.76 ± 0.12 15.9 ± 1.0 0.70 ± 0.43 0.11 ± 0.02 3.04 ± 0.17 3.06 ± 0.14 60.8 ± 3.1 60.7 ± 2.9 HPLC 8.87 ± 0.52 1.41 ± 0.09 0.172 ± 0.01 51.65 ± 2.84 8.2 ± 0.37 225 ± 12 228 ± 14 48.6 ± 3.0 48.6 ± 4.2 1.2 9 10 -4 ± 2.1 9 10 -6
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